
F Fermi National Accelerator Laboratory

FERMILAB-Conf-00/078-E

CDF

Hard Diffraction at CDF

Andrei Solodsky

The Rockefeller University
1230 York Avenue, New York, New York 10021

Fermi National Accelerator Laboratory
P.O. Box 500, Batavia, Illinois 60510

April 2000

Presented at and to appear in the Published Proceedings of the International Conference on Elastic and

Diffractive Scattering, Protvino, Russia, June 28-July 2, 1999

Operated by Universities Research Association Inc. under Contract No. DE-AC02-76CH03000 with the United States Department of Energy



Disclaimer

This report was prepared as an account of work sponsored by an agency of the United States

Government. Neither the United States Government nor any agency thereof, nor any of

their employees, makes any warranty, expressed or implied, or assumes any legal liability or

responsibility for the accuracy, completeness, or usefulness of any information, apparatus,

product, or process disclosed, or represents that its use would not infringe privately owned

rights. Reference herein to any speci�c commercial product, process, or service by trade

name, trademark, manufacturer, or otherwise, does not necessarily constitute or imply its

endorsement, recommendation, or favoring by the United States Government or any agency

thereof. The views and opinions of authors expressed herein do not necessarily state or reect

those of the United States Government or any agency thereof.

Distribution

Approved for public release; further dissemination unlimited.

Copyright Noti�cation

This manuscript has been authored by Universities Research Association, Inc. under con-

tract No. DE-AC02-76CH03000 with the U.S. Department of Energy. The United States

Government and the publisher, by accepting the article for publication, acknowledges that

the United States Government retains a nonexclusive, paid-up, irrevocable, worldwide license

to publish or reproduce the published form of this manuscript, or allow others to do so, for

United States Government Purposes.



HARD DIFFRACTION AT CDF

ANDREI SOLODSKY

The Rockefeller University, 1230 York Avenue, New York, NY 10021, USA

E-mail: solodsky@physics.rockefeller.edu

We summarize published results on di�ractive dijet and W production and re-
view new results on di�ractive beauty and J= production using the rapidity gap
method to tag di�raction. The di�ractive structure function of the proton ob-
tained from the analysis of dijet events with a leading antiproton is discussed and
compared with expectations based on results obtained in deep inelastic scatter-
ing experiments at HERA. Also we report on recent results of dijet production in
double pomeron exchange.

1 Introduction

To study di�ractive production at CDF we used two di�erent methods. One
is by searching for rapidity gaps, which are pseudorapidity 1 regions devoid of
particles, in the event topology. We applied this method to di�ractive dijet 2,
W 3 and heavy avor 4 production measurements, described in sections 2 and
3. Another technique is the direct measurement of the di�ractively scattered
antiproton with a forward Roman pot spectrometer.

The CDF detector is described elsewhere 5. Charged tracks in the region
j�j < 1:1 are detected in the central tracking chamber (CTC) surrounded by
the central and end-plug calorimeters. The microstrip silicon vertex detector
(SVX) provides spatial measurement in the r � � plane with a track impact
parameter resolution of � [13+40(GeV/c)=pT ] �m. The parts of the detector
most relevant for the rapidity gap analyses are the forward calorimeters and
the beam-beam counters (BBC). The �ducial region of the forward calorim-
eters covers the range 2:4 < j�j < 4:2. The BBC consist of two arrays of eight
vertical and eight horizontal scintillation counters which cover approximately
the region 3:2 < j�j < 5:9.

2 Di�ractive Dijet and W Production

CDF searched for di�ractive dijet production in a sample of dijet events with
a single-vertex in which the two leading jets with transverse energy 1 ET >
20 GeV are both at � < �1:8 or � > 1:8. The single di�ractive production
was observed in these events by the requirement of a rapidity gap in both the
forward calorimeter and the beam-beam counters (BBC) on one side of the
detector.

eds99: submitted to World Scienti�c on November 23, 1999 1



Figure 1 shows the correla-
tion of the BBC and forward
calorimeter tower multiplicities in
the �-region opposite the dijet sys-
tem. The distinct excess in the
(0,0) bin is associated with dif-
fractive production. After sub-
tracting the non-di�ractive back-
ground and correcting for the loss-
es caused by extra �pp interactions
in the same bunch crossing as a
di�ractive event, as well as for
BBC and forward calorimeter live
time acceptance and for the rapi-
dity gap acceptance (0:70�0:03),
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Figure 1. BBC hits versus forward calorimeter
towers in region opposite a forward dijet.

calculated using the POMPYT6 Monte Carlo program with pomeron � < 0:1,
the fraction of di�ractively produced dijet events was found to be

RJJ = [0:75� 0:05(stat)� 0:09(syst)]%:

In addition, CDF studied di�ractive W production 3, which results pre-
dominantly from q�q annihilation and probes the quark/antiquark content of
the pomeron, using a sample of events with an isolated central e+ or e�

(j�j < 1:1) of ET > 20 GeV and missing transverse energy 6ET > 20 GeV. The
ratio of single di�ractive to non-di�ractive W production in this analysis was
determined to be

RW = [1:15� 0:51(stat)� 0:20(syst)]% (� < 0:1):

Since di�ractive dijet production is mostly sensitive to gluons in the
pomeron, we can combine the dijet and W measurements and determine the
gluon fraction in the pomeron2, fg = 0:7 � 0:2, which is consistent with the
gluon fraction found by the ZEUS experiment 7.

3 Di�ractive Heavy Flavor Production

We extended our studies of di�ractive processes to di�ractive heavy avor
production, charm and beauty, to probe directly the gluon content of the
pomeron. Our di�ractive beauty 4 production measurement is based on
identifying a high transverse momentum electron with ET > 9:5 GeV and
j�j < 1:1, from the semi-leptonic b-quark decay, produced in single di�raction
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dissociation, p+ �p! p=�p+ b(! e+X 0) +X . Each event is required to have
a jet consisting of at least two tracks in addition to the electron candidate.

First, we extract a di�ractive signal from the obtained event sample and
then estimate the b-quark fraction separately in the di�ractive and total event
samples.

As in our previous analyses 2;3, the di�ractive signal is extracted by count-
ing BBC hits, NBBC , and adjacent forward calorimeter towers, NCAL, with
E > 1:5 GeV. Figure 2(a) shows the correlation between NBBC and NCAL
for both the positive and negative � sides of the detector, i.e. two entries
per event. The (0,0) bin contains 100 events. We evaluate the non-di�ractive
content of the (0,0) bin from the distribution of events along the diagonal of
Fig. 2(a), with NBBC = NCAL, shown in Fig. 2(b) by extrapolating a �t to
the data of bins (2,2) to (9,9) to bin (0,0). This yields 24:4�5:5 non-di�ractive
background events in the (0,0) bin.

Figures 2(c) and 2(d) show the electron ET and � distribution, re-
spectively, for the di�ractive (points) and total (histogram) event sam-
ples. In Fig. 2(d), the sign of � of di�ractive events with a gap at
positive � was changed, so that the gap always appears at negative �.
While the ET spectra show no
signi�cant di�erence, the di�rac-
tive � distribution is shifted away
from the gap relative to the sym-
metric distribution of the total
event sample, in agreement with
the single di�raction event topol-
ogy.

In addition to events from b-
quark decays, the data contain
events from charm decays and
background. The background
is mainly due to electrons from
residual photon conversions and
to hadrons faking electrons.
We use two methods to extract

the fraction of beauty events in
the data. In the �rst method, we
�t the electron momentum com-
ponent perpendicular to the jet

axis, p
e=jet
T , which depends on the

mass of the parent quark, with
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Figure 2. (a) Beam-beam counter multiplicity,
NBBC , versus forward calorimeter tower multi-
plicity, NCAL; (b) multiplicity distribution along
the diagonal with NBBC = NCAL in the plot in
(a); (c) electron pT and (d) pseudorapidity for
the di�ractive (points) and total (histogram) event
samples.
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the sum of four templates: photon
conversions, fake electrons from
hadrons, charm and beauty. This
�t yields a beauty fraction of
(42:9 � 0:4)% [(38 � 14)%] for
the total [di�ractive] event sam-
ple. The second method uses the
impact parameter of the electron
track, which is de�ned as the mini-
mum distance between the pri-
mary vertex and the electron track
in the r�� plane and depends on
both the mass and the lifetime of
the parent quark. A �t to the im-
pact parameter distribution using
four templates, as above, yields
(47:7� 0:4)% [(38� 14)%] for our
two data samples.

GLUON FRACTION IN POMERON
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Figure 3. The ratio D of measured to predicted
di�ractive rates as a function of the gluon content
of the pomeron.

The average of the results of both methods yields 73371 � 485(stat) �
7774(syst) [44:4 � 10:2(stat) � 4:7(syst)] beauty events for the total [dif-
fractive] event sample. The di�erence between the results of the two methods
is assigned as systematic uncertainty. After subtracting the 24% non-
di�ractive background estimated from the �t in Fig. 2(b), there remain
33 � 10(stat) � 5(syst) di�ractive beauty events. Correcting the di�ractive
event yield for single-vertex selection cut e�ciency (0:26� 0:01), and for the
detector live-time acceptance (0:77 � 0:07) due to noise or beam associated
background, we obtain 165� 50(stat)� 29(syst) di�ractive beauty events.

The di�ractive to total b-quark production ratio obtained from the above
numbers is Rgapbb = [0:23�0:07(stat)�0:05(syst)]%. The rapidity gap accept-
ance for events generated using POMPYT Monte Carlo with a at pomeron
structure, which is favored by HERA measurements 7;8, and a gluon to quark
ratio of 0:7 � 0:2, as reported in ref. 2, is found to be 0:37� 0:02. Dividing
Rgap�bb

by this value yields a di�ractive to total production ratio of

R�bb = [0:62� 0:19(stat)� 0:14(syst)]% (� < 0:1):

POMPYT with the standard pomeron ux and a at (hard) pomeron
structure consisting of purely gluons or quarks yields R�bb of 10:4%(11:6%)
and 0:92%(1:02%), respectively. The ratio D of the measured R�bb fraction to
that predicted by POMPYT depends on the gluon fraction fg of the pomeron.
This dependence is shown in Fig. 3, where D is plotted as a function of fg

eds99: submitted to World Scienti�c on November 23, 1999 4



along with published results from ZEUS and CDF measurements 2;3. For
each measurement the two curves show the 1� bounds. The black cross and
shaded ellipse represent the best �t and 1� contour of a least square two-
parameter �t to the three CDF results. The �t yielded DCDF = 0:19� 0:04
and fCDFg = 0:54+0:16

�0:14, in agreement with the results we obtained from the
W and dijet rates, namely D = 0:18� 0:04 and fg = 0:7� 0:2 2. The value of
DCDF is signi�cantly smaller than the ZEUS result. The discrepancy between
the HERA and Tevatron D-values represents a breakdown of factorization.
The observed discrepancy is in general agreement with predictions based on
the renormalized pomeron ux model 9.

We also searched for di�ractive J= production in a sample of central
(j�j < 1:1) dimuons. For J= reconstruction we required a pair of opposite
charge muons with pT > 2 GeV/c and invariant mass close to the J= mass.
The technique we used to extract the di�ractive signal is identical to that used
in our previous studies. Preliminary results of this analysis, before correcting
for the gap acceptance A, give a ratio of di�ractive to non-di�ractive J= 
production of

RJ= �A = [0:36� 0:07]%:

In spite of the fact that all di�ractive processes studied at CDF are di�er-
ently sensitive to the quark and gluon content of the pomeron, the obtained
ratios of di�ractive to non-di�ractive production are all of the same order of
magnitude, � 1%. This indicates that the structure of the pomeron probed in
single di�raction events is not very di�erent from the structure of the proton.

4 Study of Di�ractive Structure Function

In the beginning of 1996 a forward Roman pot spectrometer (RPS) was added
to CDF to detect di�ractive antiprotons, which carry away a fraction xF ,
measured by RPS, of their original momentum. The fraction of the �p mo-
mentum taken by the pomeron is � = 1� xF ; the momentum fraction of the
parton in the pomeron, �, is given by � = x=�, where x is the fraction of the
momentum of the �p carried by the struck parton.

From an inclusive sample of single di�raction (SD) events, collected by
triggering on a recoil �p detected in the RPS, we selected events containing at
least two jets with transverse energy EjetT > 7 GeV. For the non-di�ractive
(ND) dijet sample we used data collected with a minimum bias (MB) trigger
requiring a coincidence of the BBCs in the p and �p directions. From the ET
and � of the jets (including a third jet if Ejet3T > 5 GeV ) we determine the
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fraction x of the momentum of the
antiproton carried by the struck
parton,

x =
1p
s

nX

i=1

EiT e
��i :

Since the ratio R(x) of the SD to
ND dijet cross sections is equal to
the ratio of the antiproton SD to
ND structure functions, the dif-
fractive structure function may be
obtained by multiplying the known
ND structure by R(x). The SD di-
jet sample is normalized by scal-
ing its event rate to that of the in-
clusive di�ractive sample and us-
ing for the latter the measured 10

soft SD cross section. The abso-
lute normalization of the ND dijet
sample is obtained from the mea-
sured 51:2 � 1:7 mb cross section
of the BBC trigger.

The data were collected dur-
ing runs of typical luminosities �
3 � 1029 cm�2sec�1. We selected
events with only one reconstructed
vertex within jzvtxj < 60 cm, and
applied quality cuts to ensure that
a reconstructed Roman pot track,
assumed to originate at the prima-
ry vertex, is a di�racted �p. In the
resulting inclusive sample of 1.6
million SD and 300K MB events,
we observed 30,410 SD and 32,629
ND events containing at least two
jets of corrected EjetT > 7 GeV.
The ET of a jet was de�ned as the
sum of the calorimeter ET within
an � � � cone 11 of radius 0.7.
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Figure 4. Distributions versus � and t: (a) Roman
pot acceptance; (b) inclusive di�ractive event
sample; (c) rato of dijet to inclusive di�ractive
events versus � and (d) versus t.
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In the jet energy correction the underlying event energy with an average
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ET of 0.54 (1.16) GeV was subtracted from each jet in SD (ND) events. These
values were determined experimentally from the

P
ET of calorimeter tower

energy measured within a randomly chosen �-� cone of radius 0.7 in events
of the inclusive data samples.

Figures 4(a) and 4(b) show, respectively, the RPS acceptance and a lego
plot of the inclusive di�ractive event sample as a function of � and t. The
acceptance is large for � in the range of 0.04 to 0.1 and for jtj < 1 GeV2. The
fraction of dijet events in the inclusive sample is shown as a function of � in
Fig. 4(c) and versus t in Fig. 4(d). We observe that while the fraction of dijet
events increases linearly as a function of �, there is no signi�cant t dependence
in the region 0 < jtj < 3 GeV2, in agreement with the UA8 result 12.

Figure 5 shows distributions of Ejet1T , Ejet2T , �� = (�jet1 + �jet2)=2 and
�� = �jet1 � �jet2 for the di�ractive (points) and ND (histograms) event
samples. The Ejet1T and Ejet2T distributions fall faster in the SD than in the
ND events. This is due to the di�erence in SD and ND structure functions (see
below). The di�ractive dijets are boosted away from the leading antiproton
in � (the �p is at negative �). The di�ractive �� distribution is narrower, jets
being more back-to-back, than the ND.

The ratio ~R(x) of the number of SD dijet events, corrected for Roman
pot acceptance, to the number of ND dijets is shown in Fig. 6 for six bins in
� of width 0:01 ranging from 0:035
to 0:095. The two data sam-
ples are normalized to correspond
to the same luminosity. The
tilde over the R indicates inte-
gration over variables (t; �; EjetT )

for di�ractive and EjetT for ND
events. The results are shown
in Fig. 6 for jtj < 1 GeV2 and
ET (jet1; jet2) > 7 GeV. The da-
ta points are well �t by lines of
the form ~R(x) = R0(x=0:0065)

�r

in the region 10�3 < x < 0:5�min
for each �-bin. The lower x limit is
imposed to minimize detector end-
e�ects. The shape of the ~R(x) dis-
tribution shows no signi�cant � de-
pendence. A �t to all the data in
the region 0:035 < � < 0:095 yields
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R0 = (6:2 � 0:1) � 10�3 and r =
0:45� 0:02 with �2=d:o:f: = 0:72.

The di�ractive and ND struc-
ture functions can be written in
terms of gluon and quark densities
as Fjj(x) = x[g(x)+ 4

9
q(x)], where

4

9
is a color factor. As mentioned

above, R(x) represents the ratio
of the di�ractive to ND structure
functions of the antiproton. Thus,
we can determine the di�ractive
structure function of the antipro-
ton by the formula

~FDjj (�) = ~R(x = ��)� ~FNDjj (�);

where we change variables to � =
x=�. We have evaluated ~FDjj (�) for

jtj < 1 GeV2, 0:035 < � < 0:095
and ET (jet1; jet2) > 7 GeV using
the GRV92LO parton densities 13

in ~FNDjj (�). The obtained ~FDjj (�)

F∼
D JJ

 (
β)
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β
Figure 7. Data � distribution (points) compared
with expectations from the parton densities of the
proton extracted from di�ractive deep inelastic
scattering by the H1 Collaboration. The solid
line is a �t to the data of the form ��n in the
indicated region. The dashed (dotted) lines are
expectations from the H1 �t 2 (�t 3).

is shown in Fig. 7, where the solid line is a �t to the data of the form
~FDjj (�) = B(�=0:1)�n in the range (10�3=�) < � < 0:5. The �t yields

B = 1:15 � 0:01 and n = 1:09 � 0:01 with �2=d:o:f: = 2:2. For our av-
erage � of 0.065 the value of � = 0:1, for which ~FDjj = B, corresponds to

x = 0:0065, for which ~R = R0. The lower and upper boundaries of the �lled
band surrounding the data points represent the �-distributions obtained by
using only the two leading jets or up to four jets of ET > 5 GeV, respectively,
in the evaluation of x. The dashed (dotted) curve is obtained from �t 2 (�t 3)
of the H1 di�ractive structure function 8 evaluated at Q2 = 75 GeV2, which
approximately corresponds to the average value of (EjetT )2 of our data. The
measured and expected structure functions disagree both in normalization
and shape. The discrepancy in normalization, de�ned as the integral over �
of data over expectation, is D = 0:06 (0.05) for �t 2 (�t 3). The disagree-
ment between our measured di�ractive structure function and the expectation
from di�ractive DIS represents a breakdown of factorization similar to that
observed 2 in comparing di�ractive W -boson and dijet production rates with
expectations based on ZEUS results 7 obtained from di�ractive DIS and dijet
photoproduction at HERA.
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5 Dijets in Double Pomeron Exchange

Using the data sample obtained by triggering on an outgoing �p with the RPS,
we searched for dijet production by Double Pomeron Exchange (DPE). In
these events the jets are produced in the central region, separated from the
di�ractive p and �p by large rapidity gaps. From an inclusive sample of single
di�ractive events with detected di�ractive �p, we selected events containing
at least two jets with EjetT > 7 GeV and than searched for a DPE signal by
looking for a rapidity gap on the p side, using the BBC array and forward
calorimeters. Figure 8(a) shows a
2-dimensional plot of the BBC
multiplicity, NBBC , and forward
calorimeter tower multiplicity,
NCAL, on the proton side. The
excess in the (0,0) bin is at-
tributed to DPE production of
jets. We used the diagonal bins
(NBBC = NCAL) of Fig. 8(a) to
evaluate the contribution from low
multiplicity SD events in the (0,0)
bin. The diagonal multiplicity
distribution is shown in Fig. 8(b).

The measured production ra-
tios of DPE to SD, SD to ND and
DPE to ND for dijet events in the
kinematic range 0:04 < ��p < 0:095,
jtj < 1 GeV2 for SD and DPE, and
estimated 0:05 < �p < 0:035 for
DPE, are presented in the table be-
low:

RDPESD 0:40� 0:04� 0:08%

RSDND 0:31� 0:004� 0:03%

RDPEND [1:3� 0:1� 0:4]� 10�5

Figure 9 shows the distribu-
tions of Ejet1T , Ejet2T , �� � (�jet1 +
�jet2)=2 and � � �jet1 � �jet2

for the DPE (points), SD (solid
histograms) and ND (dashed his-
tograms) dijet events. The EjetT
spectrum of DPE dijets is similar
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Figure 9. Dijet kinematics of the DPE events
(points) compared with single di�ractive (non-
di�ractive) dijet events shown as the solid
(dashed) line: (a) Leading jet ET ; (b) next to
leading jet ET ; (c) mean � of dijet system; (d)
azimuthal angle di�erence between the two lead-
ing jets.
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to that of SD jets, and slightly steeper than that of ND dijets. The ��

distribution shows that DPE dijets are boosted toward the negative � (�p
direction), in contrast to the SD dijets, which are boosted toward the p side,
and the ND dijets, which are produced symmetrically. This behavior can be
explained by the di�erence between �p and ��p (�p < ��p). The DPE dijets are
produced more back-to-back than the SD and ND dijets.
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